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AI] STRACT

“1’wo charge-scaling successive approximation A/D converters for column-parallel

data processing in CMOS active pixel image sensors (AI’S) are prcscntcd.  “1’hc converters

arc dcsignd in a thin but long fdlion  to fit a pitch size of 40 pm for 2.0 pm technology

and 24 pm for 1.2 pm technology. l)csigned  for commercial and i[dus(rial  applications,

each in column  A/D converter achieves 8 bit resolution and accuracy with a signal swing

of 1 V. Maximum conversion rate excccding 200 k~lz, enables high speed digital readoot

bcyoml  200 frames/see for large format 1 K x 1 K CMOS image sensors. A prototype

device  of 64 X 64 APS image array with 8 bit digital output  was demonstrated up to 1

kl lZ frame rate, and with column-wise ]lo]~-~ll~ifolll~ity”  ICSS than 2 1.S11s.

* Zhimin Ztmu is a gradaalc  sladcal  al lICI  A, performing his Ph.1). disscrta[ioa rc.search at Jf’1,



I. IN’1’I{OI)IJC’1’ION”

CMOS active pixel image sensors (AI’S) bavc recently emerged as a low cost

alternative to charge-coupled devices for many applications ‘1’2]. ‘1’hc CMOS APS features

good quantum efficiency, low read noise, high dynamic range, random accessibility, and

100% compatibility with on-chip CMOS circuits for control, timing ‘3] and analog-to-

digital conversion. ‘l’his technology enab]es digital camera-on-a-chip which requires on-

focal-plane A/D converters. Column-parallel single slope “’”, and X–A ‘6] Afll converters

have been previously reported. ‘1’hcsc architectures are relative] y slow, “1’his paper presents

the first application of fdster coll]i~l]l-]>arallcl  successive approximation A/l> converters to

CM()!3  AI’S sensors.

l~igurc 1 illustmtes  the chip configuration of the digital sensor, It is a semi-parallel

structure featuring one A/I] converter in each column. (M-focfil pltinc A/l> conversion

eliminates the necessity for on-chip large analog drivers, reducing  chip power

consumption and total system noise. The semi-parallel A/l> conversion schcmc further

alleviates tl~eprol~lcl~lco]llpare(l  with a fully serial scheme (one A/l] convcrtcr pcr chip)

’71 Forinstancc,a  IKx IKbccauseof  ]llllcl]  l()wer()pcratillg  b:l[l(lwi(ltll  () ftllcc()llvcrtcrs  .

scnsoropcrating  at typical video frmncratc  requires a 30 M117,  conversion rate for single

conver(er per chip. On the other hand, employing the colllll~ll-]>:~rtlllcl  architccturc, the

A1>C conversion rate can be reducc(i  to 30 kI IZ while maintaining the data output rate at

30M11z..T hcsenli-parallel  scl~et]~c  istl~lls stlital~le  f()]]]lfi[~~`l ligllcrf  ]"~~i~lcratc,  lowpowcr

applications, especially in intcrfidcing  with on chip digital signal processing and

computation necessary for smart sensing techniques.

Twodiffcrcnt  A/Ilconvcrsion  algorithm arc discussed in Section 11, and designs

based on them are presented in Section 111. The performance of these convcrlcrs is

compared in Section IV. A CMOS imager array incorporati!lg  one of the A/n converter

itll~~lc]]lclltatiol]  was build. l’hc test results on the digital imagcr  is presented in Section V,

11. A/l) CONVERSION” AI.(;ORI’llIIMS

Typical CMOS APS employs a correlated ctoob]e  sampling readout ‘]], Once a row

in thcarrayi  saddressed,  reset and signal levc]sof  a givcnpixe]  arc sampled consecutively

on two separate column capacitors, The actual light induced signal is the difference of



these two voltage levels. St]cccssive  al>l>roxil~latio]  ]Afllcollvcrsiol]  isthcn performed by

matting the two levels progressively converge towards each other in a binary-scaled

fttshion. “l’here are two different ways to make them converge. ‘1’he graphic illustration

using the progression of the signal and reset levels in the two different approaches are

shown in Figure  2. In the single sided approach, the voltage on the reset bus is held

constant while the signal bus is successively charged up by binary-weighted voltage. ‘1’hc

voltage reduces back to its previo[ls  level every time it exceeds the reset level. ‘1’hc

algorithm is mathematically expressed as the fol 10 wing:
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Where i = 1 to 10 for a 10 bit convcr[er.  It] the (iouble si(icd approach, the progressively

smaller weights are
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they are converging. l“hc algorithm is mathcmaticall  y represented by
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111. I) RSIGN AN]) O1)ICI<A’l’ION” 011 ‘1’1111 A/I) CONVICJ<TItRS

Figure  3 is the schematic block diagram for the single sided successive

approximation A/n converter. It is similar to the charge redistribution A/l)  converter first

‘8] It i$ dc$igncd  to have 10 conversion unitintroduced by J.  1,. McCreary and l). R. Gray , ,! .

cells for 10 bit resolution, although it is possible to operate at a lower resolution. A single

capacitor, which holds the reset level, and a bank of binary-weighted capacitors, which

hold the signal level, are connected to the input of the comparator. ‘J’hc digital word from

the comparator is fed back to the bit cells, B 1 through R 10, progressive y as they arc

scanned through BS 1 to 13S 10 by a shift register. ‘1’hc comparator is a nominal cross-



coupled differential pair that performs reset and comparison in a strobed  fi~shion. A

single bit ccl] consists of a latch and a pair of switches that connect the bottom of the

capacitor to either GN1~ or the reference voltag,c (Vm~) depending on whether the latched

word is “O” or “1”. At the beginning of the conversion, all bit cells are rcsci and the

bottom of the capacitors are connected to GNI>. Sensor met and signal level arc then

sampled on the capacitors. Switching the bottom plate of the capacitor of value  C charges

the signal level up by a binary-weighted voltage of VK,(UC,C,,).  ‘1’hc following strobe

feccls back a “1” if the comparator determines the signal level to be still lower than the

reset level, and the signal level is retained at the increased voltage. Otherwise a “O” is

fcd back and the signal level is restored to its previous value. ‘J”his bit word is latched in

the bit cell and the conversion procee(is  to the next MSB, Two strobe cycles are needed

for one bit conversion in this operation.

III the double  sided il~ll>lcl]~cl]t[~tiol]  (l~igure  4), both signtil  and reset capacitors

arc binary-weighted. “1’wo latch cells instead of one as in single sided design are used for

each bit cell, At each strobe of the comparator, a differential output  is fed back to the

sequentially selected bit cell so that the botlom plate of one capacitor is connected to Vmf

and that of the other to cJND.  The voltage at the lower voltage bus is then raised up by

the binary-distributed amount of Vmr, while that at the other bus remains the same, ‘1’he

latched digital data on both sides arc complementary and data from either side can be

used as the digital reprcsentatiol]  of the original analog signal,

Five correction bit cells, which arc the same siz.cs as the five 1,S11s, arc

iny>lcmcntcd in the double  sidcc] design. After a crowbar (U) short between the signal

and reset buses,  the similar conversion process stores the converted comparator offset

voltage as the correction bits. “1’hc first bit serves as a sign bit which determines an

addition or subtraction of the correction bits relative to the original digital words. 7’IIc ]X

offset of the comparator is the m:ijor contrib~]tion  to the column-wise fixed pattern noise

(Fl]N) and is compensated to a first order by using this offset correction method.

Double sided convcr[cr  needs only one strobe cycle for each bit of conversion, It

operates much faster than single sidc(i design. on the other hand, it needs much more

chip area because an equal  amount of capacitance has to be connected to the reset bus an(i

each unit cell consists of two latches. Furthermore, it requires extra component matching



between the capacitors connected to the two bus lines in order to get the same conversion

accuracy.

111, lUiIWUMJtNTAI.  R1;SIJI.TS OF ‘J’IIIC  CONVI;R’1’IIRS

“1’wo different converters have been fi~bricated using different technology, “1’he

double sided design used 2 pm n-well double poly technology and has a 40 pm pitch, “J’he

single sided (icsign used 1.2 pm n-well single po]y technology an[i has a 24 pm pitch. In

these long, thin designs, special caution has been taken to minimim the chip area in the

limitd pitch space available for routing.

The converters are characterized using static linearity testing technique in which

the convcrlcrs operate as in typical image sensor readout. ‘1’he performance of the two

design is summarimd in Table 1 along with their design parameters. All the mcasurcmcnt

are taken at the conversion rate of 50 k] 17,, cmcsponding  to over 40 1 IZ frame rate for a

1024 x 1024 sensor array. l’he maximum conversion rate quoted is that at which the A/n

converters are operational to 5 bit accuracy. Mcasurcmcnt  indicates that at the same

conversion rate below 20() k} ]7., accuracy of the sing]c sided design is better than that of

the double sided design as theoretically prcdic[cd,  since the component matching

dominates the settling time in limiting the conversion accuracy at lower speed. lhr

commercial video applications at lower conversion rate, the single sided design is a better

choice because of higher accuracy and smaller chip area, ‘1’hc double sided design is the

better choice for higher speed readout applictitions in which a conversion speed beyond

200 kl 17. is required. Figure 5 shows the linearity test results for the single sidd design at

50 kllz, data rate. Both the I> N], and IN]. are less than fl 131].

Talk 1- Summary of [hc tcs[ rcsulis of [he A/l) converters
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IV. 64 X 64 CMOS DIGITA1,  IMA(;lt  ARRAY

A prototype digital sensor using single sided A/lJ convcr[m was inq]lemcnted.  It

is a 64 x 64 element array Pabricatcd through MOSIS using s[andard  1.2 pm n-well CMOS

technology. “I-hc photomicrograph  of the chip is shown in Figure 6. It consists of a photo

gate pixel array ’21, a column A/l J converter array with shift rcgi ster cent rol circuit, and

sensor row and column addressing circuits. “]’hc column A/D converters occupies about

58% of the chip core area in this small array. This pcrcenttige  will drop dramatically to 8%

as the array size increases to 1024 x 1024. “1’hc  total dyc size of the Fdbricatcd  army is 3

mm x 5 mm,

The sensor chips were tested at up to 1 k] Iz, frame rate. Quantitative

measurements were taken at 100 kpixel s/see (24 full fran~cs/see) readout rat c. I;igure 7

shows a raw image of 32 x 64 elements captured at 100 kl 17, pixel  rate. ‘1’here is no visib]c

degradation in image quality compared to a similar sized CMOS APS with analog output.

The sensor (iemonstratcs  random access and windowing ctipabilities.  “1’hc  image data

retains 8 bit resolution up to ] k] ]7, full frame rate, “1’hc  column-wise IJPN is measured to

be less than21.S11s.

V. CONCI,  [JSION”

Two different implementation of colunm-pardlc]  charge-scaling successive

approximate ion A/I] converters were designed, f~bricatcd  and test d, The single sided

design has advantages on accuracy an(i chip area, while the double sided design on speed.

They are both suitable for regular video applications w h i l e  t h e  doub]c  si(icxl

it)l~)lct~~c]ltatio]) has special use for high speed imaging, possibly up to 1 k] 17. frame rate for

a 1 K x lK sensor.

A prototype Ch40S APS with column A/l> convcr[ers  has been demonstrated,

images with 8 bit accuracy were achieved up to 1 kfranlcs/scc  (4 Mpixcls/see) readout

rate, Column-wise non-uniformity of the sensor is within 2 I .S11s (0.8% of the 1 V sensor

stituration).  It is possible to digitally correct the, FPN to under 1 1S11 using the on-chip

offset correction,
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Fig. 1. Sensor structure with on-chip AI~C.

Fig. 2. Voltage progression in (a) single, (b) double sided A/l> conversion.

Fig. 3. Schematic diagmm of the siilglc sided A/n converter.

Fig. 4. Schematic (Iiagram of the double  sided Afll conve~ler.

Fig. 5. Nonlinearity test results of the single sided A/D converter at 50 k] Iz,

conversion rate,

Fig. 6, Chip ]Illotolllicrogra])ll,”

Fig. 7, Raw image taken at 100 kpixcls/see,
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